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Abstract

X-ray magnetic circular dichroism (XMCD) measures the inner shell absorption difference between left and right
circularly polarized X-rays in the presence of magnetic field, and provides us a direct probe of the spin values localized in
the specific metal sites. In this study, using Desulfovibrio desulfuricans and Desulfovibrio gigas hydrogenases as examples,
we have measured the L-edge XMCD of Ni enzymes for the first time and analyzed them in comparison with a doped high
spin Ni'' model complex. The reduced hydrogenases have a non-zero XMCD effect, which is consistent with a ‘high spin’
Ni" site. The magneto-optical sum rules have also been used to derive the orbital and spin angular momentum. [ 2001

Elsevier Science BV. All rights reserved.
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1. Introduction

The variety of nickel’s oxidation states (from —1
to +4) and loca geometry (octahedral, tetrahedral,
tetragonal, trigonal bi-pyramidal and square planar,
etc.) make Ni complexes important in coordination
chemistry. In biology, Ni is an essentia trace
element in alarge variety of enzymes, such as Ni—Fe
hydrogenase [1]. Ni—Fe hydrogenase, which cata-
lyzes the oxidation and formation of molecular
hydrogen (H.,), is one of the most important Ni
enzymes. It exists in several organisms, such as
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Desulfovibrio gigas, Desulfovibrio desulfuricans,
Desulfovibrio baculatus and Pyrococcus furiosus
[1]. Although different in protein structures, all of
these hydrogenases have similar functional metal
sites: one Ni—Fe center for catalysis and two or three
Fe—S clusters for electron transfer [2,3]. As reported
previously, for D. gigas hydrogenase, the Ni is
basically covalent Ni'" in as-isolated Ni—A state but
can be Ni° Ni' or Ni'' in H, reduced Ni-R form
according to different proposals [4-6]. Another
important issue concerning the nickel’s electronic
configuration in Ni—Fe hydrogenases is its unclear
spin state in the H,, reduced form. A Ni'' configura-
tion has eight electrons in five 3d orbitals. A high
spin Ni"' has two unpaired electrons while the other
six electrons paired, leading to S=1. In contrast, a
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low spin Ni'' has al the eight electrons paired,
yielding S=0. Although most of the previous studies
assign Ni—R to low spin Ni'' [2,7-9], an octahedral
complex with two hydride ligands or a trigonal
pyramidal complex with a single hydride [10,11]
would be consistent with high-spin Ni''. Our recent
L-edge absorption spectrum of H, reduced D. gigas
hydrogenase also illustrates a clear high spin Ni'"
multiplet [12,13].

X-ray magnetic circular dichroism (XMCD) mea-
sures the inner shell absorption difference between
left and right circularly polarized X-rays in presence
of magnetic field [14], and can provide a direct probe
of the spin values localized in the specific metal
sites. For example, there is usually no XMCD effect
in a zero spin complex. With magneto-optical sum
rules [14-16], it is possible to derive the meta’s
orbital and spin angular momentum separately. X-ray
magnetic circular dichroism is element specific in
contrast to traditional magnetic measurements, such
as EPR spectroscopy. It aso provides more infor-
mation than the regular X-ray absorption spectros-
copy [14]. In comparison with K-edge XMCD, L-
edge XMCD has several additional advantages,
including a much larger MCD effect [17].

The origin of XMCD is the consequence of the
selection rules for electric dipole-allowed transitions,
and the XMCD effect relies on the non-uniform
occupation of the Zeeman-split levels in the initial
state. The former needs a circular polarized X-ray
source while the latter requires magnetization. In
comparison with experiments on solid state materials
[14], high magnetic fields or extremely low tempera-
tures are required when trying to magnetize dilute
and paramagnetic biological metals[17,18]. As ultra-
high magnetic field (>3 Teda will interfere
with the performance of a X-ray fluorescence de-
tector, extremely low temperature is usualy pre-
ferred [19]. In this study, a newly constructed
third-generation XMCD apparatus with a supercon-
ductor magnet (2 Tedad) and a dilution refrigerator
(T=~0.5 K) has been used to magnetize Ni—Fe
hydrogenase samples. The XMCD of as-isolated D.
gigas hydrogenase and H., reduced D. gigas/D. desul-
furicans hydrogenases are measured for the first time
and compared with the XMCD of a high spin Ni"
model.

2. Experimental section
2.1. XMCD measurement

Our XMCD measurement was performed at the
Stanford Synchrotron Radiation Laboratory (SSRL)
bend magnet beamline 8-2 [20] using the 1100 I/mm
grating. Elliptically polarized X-rays were obtained
by moving the first mirror above or below the
electron orbit plane (Fig. 1a) [21]. Based on previous
calibration on polarized ferromagnetic samples [21]
and a Ni-doped MgO crystal [22], the optimum
XMCD signal was obtained at a beam take off angle
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Fig. 1. The schematic diagram of our XMCD instrumentation. (a)
The left/right elliptical polarized X-ray is obtained by moving the
first mirror above/under the electron orbital ring in a bent magnet
beamline. (b) The XMCD measurement setup. The sample is kept
under <1 K with a *He/“He dilution fridge, and is magnetized
with a pair of superconducting magnets (2 Tesla). The X-ray
fluorescence signal was collected with a 30-element Ge array
detector and the whole apparatus is under windowless operation.
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corresponding to a circular polarization of 80+5%
[18,21]. At this take off angle the beam intensity is
75% off its maximum value at the plane axis. The
entrance and exit dlits were both set to 60 pm, and
the energy resolution was estimated to be 1.4 e/ for
circular polarized X-ray.The XMCD apparatus (Fig.
1b) uses a 76-cm split-coil 2 Tesla superconducting
magnet (at 4 K) surrounded by a UHV chamber
maintained at ~5x10° Torr [18]. The cold finger of
a *He/“He dilution refrigerator enters the magnet
bore from the top of the chamber and the sample is
attached to the cold finger at the center of the
magnet. The whole chamber is shielded with 4 K
liquid helium and 77 K liquid nitrogen. The cold
finger's temperature was measured with a carbon
resistance thermometer (Matsushita) and confirmed
by the field-dependent XMCD effects for doped
model Ni'' complex [18]. Least-squares fitting with a
Brillouin function for a J=1 system gives a tempera-
ture of ~0.6 K, corresponding to >99% magnetic
saturation at 2 Teda. Ni enzyme samples were
measured under the same condition. A 30-element
windowless Ge fluorescence detector [22] (77 K)
[23] is inserted horizontally between the two coils,
perpendicular to the incident X-ray photon beam.
The data acquisition is as described in the preceding
paper [13]. Individual scans were taken over the Ni
L-edges using 0.2-eV steps at 30 s per point integra-
tion time for enzyme samples and 15 s for the doped
Ni model. One set of 20 scans was taken with ‘right’
circular polarized X-ray. Every two scans, the mag-
netic field was switched between —2 and 2 Tesla. A
second set of 20 scans was then measured with *[eft’
circular polarized X-ray, again aternating the sign of
the magnetic field. As expected, the XMCD effect
did reverse with opposite beam polarization or
opposite magnetic field. These scans were then
classified into two categories, the ones with the 3d
electronic spin being paralel to the X-ray helicity
(1"") and the ones with the 3d spin being antiparallel
(I'*) to the X-ray helicity [18]. The final spectrum is
the sum of 20 individual scans for each side.

2.2. XMCD analysis

Each side of the averaged spectra was first cor-
rected for the small energy offset between spectra

recorded on opposite polarization [18,21]. A cubic
polynomial was then fit to the raw data in the pre-L ,
and post-L, regions to simulate the two-step non-
resonant (background) X-ray absorption. The non-
resonant steps were then subtracted from the overall
spectrum, leaving only the resonant component of
the absorption signal. Finaly the spectra were cor-
rected for the fact that the illuminating X-rays were
only 80% polarized, by [18]

" ={(@+1D)-1 +(@—1)-1]'}2a D)

" ={(@+21):1) +(@—1)1'}2a (2)

XMCDI(lTT —|H)/(|TT +|H)
UL 1 e 3

wherethel " and | ' represent the observed spectra,
the « isthe degree of X-ray polarization, thel'', 1"
and XMCD are the polarization-corrected intensities.

Two important magneto-optical sum rules
[15,16,18] can be used to relate the integrated
XMCD intensities to element-specific projections of
the 3d orbital angular momentum (L), the 3d spin
angular momentum (S,), and a magnetic dipole term
(T,. In this study, the (T,) is negligible for the
highly symmetric (octahedral) Ni-doped MgO crys-
tals [24] and is averaged to zero for Ni enzymes
[14,18]. Omitting (T,) term, approximating 1° by
(1" +1"")/2, and using the common symbols in the
XMCD literature [14,18,21], one can thus express
the sum rules for 3d transition metal L-edges as
(in/atom):

(LY, = — 2(A+B)/(3C)S)/n,

—(A—2B)/2C (4)

where n,, represents the number of 3d vacancies in
the meta ion, ‘A’ and ‘B’ refer to the integral of the
XMCD spectrum over the L, and L, regions,
respectively, and ‘C’ refers to the integral of the
spectrum (I'" +1"")/2 over the whole L, and L,
region. As covalencies of our Ni samples are un-
known, orbital and spin angular momentum per unit
hole are obtained and compared.
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2.3. Samples preparation

The enzymes from Desulfovibrio bacteria grown
on a sulfate—lactate medium were purified by ion-
exchange chromatography and purified as reported
previously [25]. The specific activity was estimated
by measuring the hydrogen gas evolved in a reaction
using methyl viologen as electron carrier and
dithionite as reductant. The D. gigas hydrogenase
sample was prepared in as-isolated and H, reduced
forms, while the D. desulfuricans hydrogenase sam-
ple was only made in H, reduced form. The film
samples for the L-edge XMCD measurement were
prepared by syringing a drop (~20 pl) of protein
solution onto a gold plated sample holder and
alowing it to dry under the appropriate atmosphere.
The film samples were transferred anaerobically to
the measurement chamber by a loadlock. Ni-doped
MgO crysta (0.14%, Goodfellow) was used as a
high spin Ni'' model [26].

3. Results and discussion
3.1. XMCD of Ni'"' Model

For comparison with the measured Ni enzyme
XMCD, we have first examined XMCD for a known
high spin Ni"' complex: Ni-doped MgO crystal [26].
The Ni L-edge excitation spectra of this complex for
the Ni 3d electronic spin being parale (1'') and
antiparallel (1'") to the X-ray helicity are shown in
Fig. 2a The L, region has a major pesk near 853.6
&/ and a minor peak near 855.7 &/, exhibiting a
typical high-spin (triplet state) Ni' spectrum [24].
The L, a 868-873 &/ has a partidly resolved
doublet structure, again a typical high-spin Ni"
feature. Although some previous reports reveaed
spectral distortion with fluorescence detection [27],
the ‘distortion’ in our spectrum for this dilute
(0.14%) Ni" ion appears insignificant, in comparison
with a total electron yield measured high spin Ni'
ion in CgNi"Cr'"" (CN),]-2H,0 [24].

The polarization-corrected difference in fluores-
cence signal (I''—1"') — the X-ray magnetic
circular dichroism, is shown in Fig. 2b. At the L,
edge there is a 44% difference in polarization-cor-

850. PR .855- bl .860. Al .865. A .8‘;0. Ak .8’.75
Excitation Energy (eV)

Fig. 2. (a) Polarization-normalized, background-subtracted excita-
tion spectra for Ni doped in MgO crystal, taken with photon
angular momentum in parallel (solid ling) and in antiparallel (dash
line) to Ni 3d electronic spin. The multiplet structure confirms a
high spin Ni" species. (b) Polarization-corrected XMCD spectrum
for the Ni doped in MgO. The dot-dash line under the excitation
spectra is one haf of the integrated intensity of the spectrum of
(1" +1"")/2 over the whole L, and L, region (C/2) while the
dot-dash lines under the difference spectrum are the integral of the
XMCD spectrum over the L, and L, regions (A and B),

respectively,.

rected absorption intensity between the two peaks,
corresponding to 22% XMCD effect. At L,, XMCD
effect is smaller but still 20%. The two resolved
peaks a the L, edge have opposite sign XMCD
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signals (intensity ratio, 3:1), while the two at the L,
have the same sign. The opposite XMCD sign at the
L, is because the main L, peak corresponds to
excitations with the final 2p° spin parallel to the 3d°
spin, while the secondary pesk is the transition with
the final 2p° spin antiparallel to the 3d® spin. Thisis
the nature of high spin Ni'' complexes [22,24], not
the effect of anti-ferromagnetic interactions [28].

3.2, D. desulfuricans hydrogenase

Hydrogen reduced D. desulfuricans hydrogenase
has similar Ni absorption and XMCD spectra (Fig.
3ab) with the above-discussed high spin Ni'' model
complex. The L, has amajor peak near 853.6 €/ and
a minor peak (for 1'')/a shoulder (for 1'") near
855.2 e/. The L, has a barely resolved doublet
structure at 868—873 V. In comparison with the Ni
doped in MgO, some differences are noticed as well.
At L,, only one side (I'") of the absorption spectra
has a secondary peak while another side only has a
unresolved shoulder. The separation in between the
main and secondary structures of the L, edge is 0.6
eV for D. desulfuricans hydrogenase and 1.1 &V for
Ni doped MgO. The smaller separation is consistent
with the more covalent Ni—S interaction in D.
desulfuricans hydrogenase than the Ni—O interaction
in Ni/MgO.

There is a 27.5% difference in polarization-cor-
rected absorption intensity between the two spectra
at L, corresponding to 14% XMCD effect. The
XMCD signal at L, exhibits a bipolar multiplet,
similar with Ni-doped MgO crystal. The statistical
analysis using the XMCD data off the L, and L,
peak regions reveas error lines of +2¢ as shown in
Fig. 3 (dot-dash lines). The XMCD intensity at L is
significant in comparison with the error bars while
the XMCD at L, is not so obvious. Differences in
between the XMCD spectrum for D. desulfuricans
hydrogenase and that for Ni/MgO include a smaller
(14 vs. 22%) XMCD effect at L, edge and clear
differences at L, edge. Nevertheless the active
XMCD effect and bipolar XMCD multiplet at L,
indicates that the Ni in D. desulfuricans hydrogenase
is high spin Ni'", not low spin Ni".

For sum rule analysis, the necessary integrals A, B
and C (dot-dash lines) are illustrated in Fig. 3. The
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Fig. 3. (a) Polarization-normalized, background-subtracted excita-
tion spectra for Ni in H, reduced D. desulfuricans hydrogenase,
taken with photon angular momentum in parallel (solid line) or
antiparallel (dash line) to Ni 3d spin. (b) Polarization-corrected
XMCD spectrum for reduced D. desulfuricans hydrogenase. The
dot-dash lines under the absorption and XMCD spectra are the
integrals of C/2, A and B, respectively. The dot-dash lines
associated with the XMCD spectra are the error lines (=207 based
on the statistics of the XMCD data off the L, and L, regions.

calculated values are A=3.0+0.3, B=2.2*+0.3, and
C=14.0£0.6. Substituting n,,=1 (for unit hole) into
formula (4), we have found the orbital and spin
angular  momentum (L,)/n, and (S,/n, to be
0.02+0.02 and 0.14*0.02, respectively. The error
analysis is based on datistica error plus 10%
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instrumental error. The large error in (L,) is due to
the large error in XMCD at L,. For comparison, sum
rule analysis on the high spin Ni'' model complex is
aso performed. The integrals A, B and C are
illustrated in Fig. 2 (dot-dash lines), with A=
45+0.3, B=3.0+0.2 and C=18.8+0.6. The de
rived orbital and spin angular momentum (per hole)

" Ak M M PP PRI R U M
850 855 860 865 870 875
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Fig. 4. Polarization-normalized, background-subtracted excitation
spectra for Ni in hydrogen reduced (upper) and as-isolated (lower)
D. gigas hydrogenase. The difference spectra under them (solid
lines) are the polarization-corrected XMCD spectra. The dot-dash
lines associated with the XMCD spectra are the error lines (*+20)
based on the statistics of the XMCD data off the L, and L,
regions.

(Ly/n, and (S,)/n, are 0.05=0.02 and 0.28+0.02.
The difference is expected because they are from
different systems.

3.3 Prdiminary results of D. gigas

In the preceding paper [13], our Ni L-edge spec-
troscopy reveals evidence of high spin Ni' in H,
reduced D. gigas hydrogenase. In Fig. 4a, although
the minor L ; shoulders are not resolved, the circular
polarized absorption spectra for the H, reduced D.
gigas hydrogenase show similar spectral multiplet as
observed in our L-edge spectra in the preceding
paper as well as the circular polarized absorption
spectra of Ni doped in MgO and D. desulfuricans
hydrogenase, again illustrating a typical high spin
Ni" feature. The circular polarized absorption spec-
trafor as-isolated D. gigas hydrogenase are shown in
Fig. 4b. The spectra are similar with a covalent Ni'",
without any sharp multiplet [12].

Fig. 4 shows arelatively ‘small’ XMCD effect for
both as-isolated and H, reduced D. gigas hydro-
genase because the signal-to-noise ratio (S/N) is not
satisfactory. The errors (=2¢) in XMCD spectra are
also shown in Fig. 4, based on the statistics on the
XMCD data off the L, and L, regions. Although a
guantitative assignment is not possible, it is till clear
to see that the XMCD intensity (at L;) for H,
reduced D. gigas hydrogenase is bigger than (almost
twice the size as) the error bar, exhibiting a non-zero
spin for this species. A low spin Ni"' site should have
a zero spin value and should be XMCD inactive. The
as-isolated D. gigas hydrogenase has a XMCD that
isjust alittle bit bigger than the statistical error bar.
Better XMCD studies are necessary in the future for
the D. gigas hydrogenase.

4. Summary

In this study, we have measured the Ni L-edge
X-ray magnetic circular dichroism (XMCD) of Ni in
the D. desulfuricans and D. gigas hydrogenases for
the first time and analyzed them in comparison with
a known high spin Ni'' model complex (Ni/MgO).
The Ni/MgO and the H, reduced D. desulfuricans
hydrogenase has a clear XMCD effect, a bipolar
XMCD multiplet, which is consistent with a ‘high
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spin’ Ni" site. Two magneto-optical sum rules have
also been used to derive the Ni orbital and spin
angular momentum from XMCD spectra of these
two Ni samples. Although no gquantitative assign-
ment has been made for the H, reduced D. gigas
hydrogenase, it still exhibits a non-zero XMCD
effect, consistent with a high spin Ni'' assignment
[13].

Undulator beamlines in the third generation
synchrotron radiation light sources can provide sev-
eral orders of magnitude higher photon flux for up to
100% circular polarized X-rays. For instance, the
magnetic spectroscopy beamline 4.0.2 in advanced
light source has photon flux of 6x10™ photons/s
per 0.1%-bandwidth at 700 &/ a 400 mA ring
current. In addition, rapid changing of the X-ray
helicity makes it possible to record point-to-point
XMCD spectra instead of several scans on one side.
Our XMCD has demonstrated its usefulness in direct
probe of Ni the electron spin states in Ni enzymes
and illustrated a great promise for the future develop-
ment of biological X-ray magnetic circular dichro-
ism.
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